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Habitat-specific Foraging Patterns of Wild Bees on Flowering Plants in an Arid Landscape of Western India


ABSTRACT	Comment by E. R. Gakegne: The abstract has a minimum of 150 words and maximum of 250 words, this abstract has 300 words. If the review’s guideline instructed, then it is ok.  

The study design indicates an observational research, while the methodology in this section as well as the materials and method section indicate the experimental research. 

The objective stated in this section is not the same with the one stated in the introduction section. The objective must be the same in both sections.

There is no conclusion and no scope.
Aims: To investigate the foraging activity of wild bee species on diverse host plants across four habitat types urban, peri-urban, scrubland and agriculture in the arid ecosystem of Jodhpur, Rajasthan, India and to quantify foraging parameters including visit frequency, visit duration and coefficient of variation (CV) as measures of foraging consistency.
Study Design: Observational field study with standardized focal plant method across multiple habitat types.
Place and Duration of Study: In and around Jodhpur city, Rajasthan, India. January to March, 2026.
Methodology: Thirteen flowering host plant species were monitored across four habitat types. Each plant-bee combination was observed during five independent sessions in morning (08:00-10.00 h) and evening (16.00-18.00) windows. Visit frequency (visit per 5 minutes) and mean visit duration (sec.) were recorded per session. CV was calculated as (SD/mean)  100 to assess foraging consistency. Bee species were identified using standard morphological keys and available literature.
Result: Six bee species belonging to 4 genera Apis dorsata, Apis florea, Ceratina binghami, Ceratina propinqua, Ceratina smaragdula, Lasioglossum sp., and Nomia elliotti were recorded on 13 host plant species from 9 families. Floral visitation rates ranged from 1 to 70 visit/5 mint and mean visit durations ranged from 2.8 ± 1.48 s (Prosopis juliflora, Scrubland) to 77.0 ± 7.74 s (Brassica juncea, agriculture). Agricultural habitats supported the highest bee species richness (5 spp.) and mean visit rate (36.2 visit/5 mint), while scrubland recorded the lowest (3.5 visit/ 5 min). CV ranged from 7.28% (B. Juncea) to 55.75% (Tagetes erecta), indicating highly variable foraging consistency across plant- bee combinations. 
Conclusion: Wild bees play a critical ecological role in arid agroecosystems of Jodhpur, with agriculture habitats supporting the greatest foraging diversity and intensity. Habitat-sensitive pollinator conservation strategies, particularly preserving peri-urban and scrubland patches, are essential for sustaining diverse wild bee communities in arid India. 
Keywords: Foraging activity, Wild bees, Arid ecosystem, Host plants, Habitat diversity, Jodhpur, Pollination, Floral visitation. 	Comment by E. R. Gakegne: The Keywords must be a maximum of 5 and minimum of 3, this has 8. Be guided accord to the review’s guideline.	Comment by E. R. Gakegne: The Keywords must be part of the abstract, this one is not.	Comment by E. R. Gakegne: The Keywords must be part of the abstract, this one is not.
1. INTRODUCTION 

Bees constitute the most significant group of floral visitors and pollinators in terrestrial ecosystems, providing essential ecosystem services that sustain biodiversity and agriculture productivity worldwide (Klein et al., 2007). Their foraging behaviour encompassing flower choice, visitation frequency, and time spent per flower is shaped by a complex interplay of floral resource quality, habitat structure, weather conditions and inter-specific competition (Chittka et al., 2009; Goulson et al., 2021). In arid and semi-arid regions such as the Thar desert of Rajasthan, these dynamics are further modulated by extreme heat, sparse vegetation cover and seasonal resource scarcity, making the foraging ecology of desert bees particularly important to understand (Alqarni et al., 2011). 	Comment by E. R. Gakegne: Citation not funded in the reference section.
Jodhpur located in the heart of the Desert at approximately 26°18′N latitude and an elevation of 231 m above sea level, experiences temperatures exceeding 45° C in summer and is characterised by low annual rainfall (< 370 mm). Despite these constraints the region supports a diversity of flowering plants across urban gardens, peri-urban wastelands, agricultural fields and scrubland patches each offering distinct floral resources to wild bee communities (Gobinath et al., 2024; Twerd et al., 2019). The heterogenous landscape of Jodhpur thus presents a valuable natural laboratory for examining habitat-specific foraging patterns of wild bees.
Previous studies on bee foraging in Indian arid zones have emphasised the dominance of Apis dorsata Fabricius, 1793 and Apis florea Fabricius, 1787 in open habitats, while smaller solitary bees such as Ceratina Latreille, 1802 and Lasioglossum Curtis, 1833 occupy more specialized niches (Gerard et al., 2025). However, quantitative data comparing foraging metrics visit rate, visit duration and coefficient of variation across multiple habitat types and plant species simultaneously are lacking for the Jodhpur region. Such data are critical for guiding evidence-based conservation interventions (Ricketts et al., 2008). 
The present study was designed to address this gap by systematically recording the foraging activity of wild bee species on 13 host plant species distributed across urban, peri-urban, scrubland and agricultural habitats of jodhpur during the winter-spring season (January-March, 2026). For each plant-bee interaction, five standardised observation sessions were conducted in both morning and evening time window, enabling the calculation of visit frequency, mean visit duration (±SD) and CV as measures of foraging consistency. The findings contribute to the baseline ecological knowledge of desert bee communities and have direct implications for pollinator-friendly habitat management in arid India.    	Comment by E. R. Gakegne: This statement is more suitable for the materials and method section.

2. MATERIALS AND METHODS 
2.1 STUDY AREA
The study was conducted in and around Jodhpur city, Rajasthan, India from January to March, 2026. Jodhpur lies in the semi-arid fringe of the Thar Desert and receives an average annual rainfall of 360 mm, mostly during July-August. Four distinct habitat types were selected as study sites: (i) Urban habitat: Residential gardens and institutional campuses (e.g., KBHB colony, Saraswati Nagar) with ornamental and fruit-bearing plants. (ii) Peri-urban habitat: Transitional zones between city and agricultural land (KBHB periphery) with a mix of cultivated and wild weedy plants. (iii) Agricultural habitat: Active crop fields and kitchen gardens in Jhalamand and Choukha villages with winter-season crops and vegetables. (iv) Scrubland habitat: Semi-natural arid scrubland patches at JNVU campus and KBHB outskirts dominated by thorny shrubs and naturalized invasive species.
2.2 SELECTION OF PLANT AND BEE SPECIES 
  Host plant species were selected based on their conspicuous flowering, local abundance and bee- attracting potential. A total of 13 flowering plant species from 9 families were monitored (Table 1). Bee species foraging on these plants were identified in the field using standard morphological and taxonomic keys along with available literature. Six bee species (Lasioglossum sp. Identified up to genus level) were recorded during the study period. 


Table 1. Host plant species, families associated bee species and habitat type recorded during the study in Jodhpur, Rajasthan
	S. No.
	Host Plant Species 
	Family
	Bee species Recorded 
	Habitat

	1
	Citrus limon 
	Rutaceae 
	Apis dorsata, Apis florea, Ceratina binghami
	Urban

	2
	Calotropis gigantea 
	Apocynaceae
	Ceratina propinqua, Apis florea
	Agriculture,
Scrubland

	3
	Brassica juncea
	Brassicaceae
	Apis florea, Apis dorsata
	Agriculture

	4
	Raphanus sativus 
	Brassicaceae
	Apis florea, Apis dorsata 
	Agriculture

	5
	Abutilon pannosum
	Malvaceae
	Apis dorsata
	Agriculture

	6
	Prosopis juliflora
	Fabaceae
	Apis dorsata
	Scrubland

	7
	Cascabela thevetia 
	Apocynaceae
	Apis dorsata
	Urban

	8
	Echinopus echinatus 
	Asteraceae
	Apis florea, Apis dorsata
	Peri-urban

	9
	Sonchus asper
	Asteraceae
	Lasioglossum sp., Apis florea
	Peri-urban

	10
	Tagetes erecta
	Asteraceae
	Apis dorsata
	Agriculture

	11
	Tridex procumbens
	Asteraceae
	Ceratina smaragdula
	Peri- urban

	12
	Foeniculum vulgare
	Apiaceae
	Apis dorsata
	Agriculture

	13
	Solanum melongena
	Solanceae
	Apis dorsata, Nomia elliotii
	Agriculture
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Fig: 1. Proportion of Host plants visited by Bee species, with Apis dorsata recorded on the highest number of plants, followed by Apis florea and Ceratina binghami.	Comment by E. R. Gakegne: This Fig: 1. should be explain in the result section. The present research does not show the evidence of as what was done to produce this picture. In case this picture is taken from somewhere else, kindly state the source.  

2.2 FORAGING ACTIVITY OBSERVATIONS	Comment by E. R. Gakegne: It should be 2.3

Foraging activity was recorded using a standardized focal plant method. Each plant-bee combination was observed for 5-minute intervals, repeated across five independent sessions. Observations were made during two daily time windows: morning (08:00-10:00 h) and evening (16.00-18:00 h), representing peak bee activity periods in the Jodhpur climate. Weather conditions (sunny, windy, winter overcast) were noted at the commencement of each session.	Comment by E. R. Gakegne: This method should have a reference, otherwise it must be explained. 
During each 5- minute observation interval, the following parameters were recorded: (a) number of floral visits per 5 minutes (Visit frequency); and (b) Average time spent per visit in seconds (visit duration), measured with a digital stopwatch for a minimum of 10 individual visits per session. Resources collected (nectar, pollen or both) were noted based on the bee’s body position, pollen basket load, and proboscis activity. 

2.3 STATISTICAL ANALYSIS	Comment by E. R. Gakegne: What type of analysis was conducted? 	Comment by E. R. Gakegne: It should be 2.4

Data from five sessions per plant-bee pair were used to calculate the mean visit duration, standard deviation (SD) and coefficient of variation (CV). Standard deviation was computed as: SD = 2 / (n-1), where Xi represents individual visit duration values,  is the mean and n=5 (number of sessions). CV was calculated as: CV (%) = (SD/  × 100. CV serves as a dimensionless measure of foraging consistency; lower values indicate more consistent visitation behaviour, while higher values suggest greater variability, potentially due to inter- individual differences or resource unpredictability. Differences in visit frequency and duration across habitats and bee species were compared descriptively.
 
3. RESULTS 	Comment by E. R. Gakegne: The subtitle of this section have to match the subtitle of the materials and method section. 
3.1 BEE AND PLANT SPECIES DIVERSITY

A total of 6 bee species (one Lasiglossum sp. identified upto genus level) belonging to 4 genera (Apis, Ceratina, Lasioglossum, Nomia) were recorded foraging on 13 host plant species from 9 angiosperm families across the four-habitat type (Tabel 1). Apis dorsata was the most frequently encountered species, recorded on 10 of the 13 plant species followed by Apis florea (6 plant species) and Ceratina spp. (3 species). Nomia elliotii was recorded exclusively on Solanum melongena and Lasioglossum sp. was observed only on Sonchus asper. All bee plant interactions involved collection of both nectar and pollen (N & P), except Apis florea on Echinops echinatus which was observed collecting nectar alone. 
3.2 FORAGING VISIT FREQUENCY

Foraging visit frequency (visit per 5 minutes) varied substantially across bee-plant combinations and habitats (Table 2). The highest visit rates were recorded for Apis florea and Apis dorsata on Brassica juncea in agricultural habitat (70 visit/5 min each) followed by Nomia elliotii on Solanum melongena (45 visits /5 min). In contrast, the lowest visit rate was recorded for Apis dorsata on Prosopis juliflora in scrubland (1 visit/5 min), likely reflecting the low attractiveness of this invasive species flowers to large-bodied bees despite its local abundance.
Agricultural habitats consistently yielded the highest foraging visit rates (mean= 36.2 visits/5 min), followed by urban habitats (mean= 3.5 visits/5 min), peri-urban (mean= 15.0 visits/5 min), and scrubland (mean=3.5 visits/5 min) (Tabel 3). This gradient reflects the greater floral resources density and diversity in agricultural and urban settings compared to degraded scrubland. 

3.3 MEAN VISIT DURATION AND STANDARD DEVIATION 

Mean visit ranged from 2.8± 1.48 seconds (Apis dorsata on Prosopis juliflora, scrubland) to 77.0 ± 7.74 seconds (Apis florea on Brassica juncea, agriculture). Longer visit durations were generally associated with Brassicaceae flowers (Brassica juncea, Raphanus sativus), which offer abundant pollen and nectar consistent with the known bee preference for Brassica- family crops (Ssymank et al., 2008). Apis dorsata on Cascabela thevetia (urban) recorded notably long visits (34.6 ± 3.97 sec), suggesting high resource profitability of this ornamental species in urban settings. 
Among solitary bees, Nomia elliotii on Solanum melongena showed a comparatively long mean visit duration (52.6 ± 5.94 sec), consistent with buzz pollination behaviour documented in this bee plant pair, where the bee vibrates flight muscles to dislodge pollen from poricidal anthers. Ceratina species showed shorter visit (12.2-18.4 sec) reflecting their smaller body size and faster foraging pace. 

3.4 COEFFIEICENT OF VARIATION (CV) AND FORAGING CONSISTENCY  	Comment by E. R. Gakegne: This is not a subtitle for an experiment. The should be a table to show the significant of the variables. 
The CV of visit duration, expressing relative variability across the five sessions, ranged from 7.28% (Apis dorsata on Brassica juncea) to 55.75% (Apis dorsata on Tagetes erecta). Low CV values (< 15%) recorded for Apis florea on Citrus limon (10.49%) indicate highly consistent, stereotyped foraging behaviour, typical of resource-rich, predictable floral sources. In contrast, the high CV for Tagetes erecta (55.75%) and Prosopis juliflora (52.97%) suggests erratic or exploratory foraging, possibly owing to fluctuating nectar availability or competitive interference from other visitors.

Table 2. Foraging parameters (mean visit duration ± SD, resource collected and CV) of bee species recorded on host plants across habitat types in Jodhpur, Rajasthan. 	Comment by E. R. Gakegne: The research stated 6 bee species and this table is showing 7 (Apis dorsata; Apis florea; Ceratina binghami; Nomia elliotii; Ceratina propinqua; Lasioglossum sp and Ceratina smaragdula)
	Bee species 
	Host plant
	Habitat
	Avg. Visit (sec)
	Resource
	CV%

	Apis dorsata
	Citrus limon
	Urban
	22.2± 3.34
	N&P
	15.07

	Apis florea
	Citrus limon
	Urban
	30.6±3.20
	N&P
	10.49

	Ceratina binghami
	Citrus limon
	Urban
	18.0± 2.91
	N&P
	16.20

	Apis florea
	Brassica juncea 
	Agriculture
	77.0±7.74
	N&P
	10.06

	Apis dorsata
	Brassica juncea
	Agriculture
	74.4± 5.41
	N&P
	7.28

	Apis florea
	Raphanus sativus 
	Agriculture 
	38.6±7.26
	N&P
	18.82

	Apis dorsata
	Raphanus sativus
	Agriculture
	24.4 ± 5.72
	N&P
	23.47

	Apis dorsata
	Abutilon pannosum 
	Agriculture
	18.4 ± 3.36
	N&P
	18.27

	Apis dorsata
	Foeniculum vulgare
	Agriculture
	28.4 ± 5.59
	N&P
	19.70

	Apis dorsata
	Tagetes erecta
	Agriculture
	13.8 ± 7.69
	N&P
	55.75

	Apis dorsata
	Solanum melongena
	Agriculture
	25.8 ± 5.11
	N&P
	19.84

	Nomia elliotii
	Solanum melongena
	Agriculture
	52.6 ± 5.94
	N&P
	11.30

	Ceratina propinqua
	Calotropis gigantea
	Agriculture
	12.2 ± 1.92
	N&P
	15.77

	Apis florea
	Calotropis gigantea
	Scrubland
	8.6 ± 2.40
	N&P
	28.00

	Apis dorsata
	Prosopis juliflora 
	Scrubland
	2.8± 1.48
	N&P
	52.97

	Apis florea
	Echinops echinatus 
	Peri-urban
	11.4± 1.67
	N
	14.68

	Apis dorsata
	Echinops echinatus 
	Peri-urban
	15.0± 5.29
	N&P
	35.28

	Lasioglossum sp.
	Sonchus asper
	Per-urban
	21.0± 1.58
	N&P
	7.53

	Apis florea 
	Sonchus asper
	Peri-urban
	20.2± 3.03
	N&P
	15.02

	Ceratina smaragdula
	Tridex procumbens
	Peri-urban
	18.4±3.20
	N&P
	17.44

	Apis dorsata
	Cascabela thevetia 
	Urban 
	34.6± 3.97
	N&P
	11.49


      N= Nectar, P= Pollen
3.4 HABITAT- WISE FORAGING PATTERNS

Agricultural habitats supported the highest bee species richness (5 spp.) and plant species richness (8 spp.) with Apis dorsata and Apis florea being the dominant and most versatile foragers (Table 3). Urban habitats though limited in plant diversity (2 spp.) recorded high visit frequencies on Cascabela thevetia and Citrus limon indicating the importance of ornamental flowering plants as urban pollinator resources. Peri-urban habitats supported four bee species including the solitary Ceratina smaragdula and Lasioglossum ap., both of which favour open, disturbed weedy habitats. Scrubland habitats had the lowest foraging activity with only Apis dorsata and Apis florea recorded and how visit rates consistent with sparse floral availability. 


3.5 HABITAT-WISE FORAGING PATTERNS

Agricultural habitats supported the highest bee species richness (5 spp.) and plant species richness (8 spp.) with Apis dorsata and Apis florea being the dominant and most versatile foragers (Table 3). Urban habitats though limited in plant diversity (2 spp.) recorded high visit frequencies on Cascabela thevetia and Citrus limon indicating the importance of ornamental flowering plants as urban pollinator resources. Peri-urban habitats supported four bee species including the solitary Ceratina smaragdula and Lasioglossum sp., both of which favour open, disturbed weedy habitats. Scrubland habitats had the lowest foraging activity with only Apis dorsata and Apis florea recorded and low visit rates consistent with sparse floral availability.
Table 3. Habitat-wise summary of plant species richness, bee species richness, dominant bee species and mean foraging parameters in Jodhpur, Rajasthan. 
	Habitat
	No. of 
Plant species 
	No. of Bee species 
	Dominant species
	Mean visits
/5 min
	Mean visit time (sec)

	Urban
	2
	3
	Apis dorsata, 
Apis florea
	24.0
	25.3 ± 7.12

	Agriculture
	8
	5
	Apis dorsata, 
Apis florea, 
Nomia elliotii
	36.2
	32.5± 12.4

	Peri-urban
	3
	4
	Lasioglosuum sp.,
Apis florea
	15.0
	17.2± 3.98

	Scrubland
	2
	2
	Apis dorsata, 
Apis florea
	3.5
	5.7± 4.31
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Fig. 2. Mean (± SD) bee visit time across habitats, highest in agriculture and lowest in scrubland. 
4. DISCUSSION	Comment by E. R. Gakegne: The results of your research represent what, what these results mean? There is no discussion of the results here rather than another literature review section. 

 The present study documents the foraging ecology of wild bees in the arid landscape of Jodhpur, providing the first quantitative multi-habitat dataset for this taxonomically and ecologically important bee community. The results reveal distinct habitat-specific foraging patterns, reflecting the differential availability of floral resources across urban, peri-urban, agricultural and scrubland habitats. 
The dominance of Apis dorsata across all habitat types is consistent with its known ecological generalism and wide foraging range (up to 12-15 km) (Dyer et al., 1987). As a eusocial species with large colony sizes, A. dorsata can exploit spatially dispersed and temporally variable floral resources a trait of clear adaptive advantage in the resource-limited arid environmental of Jodhpur. Apis florea the smaller dwarf honey bee was most active on Brassicaceae crops and weedy plants, reflecting its preference for open-habitat foragers with moderate caloric rewards (Abrol et al., 2020).
The exceptionally high visit rates observed on Brassica juncea (70 visit/5 min) for both A. dorsata and A. florea) underscore the critical role of mustard crops as a pollinator resource in the winter agricultural landscape of Rajasthan. Brassica juncea is an entomophilous crop known to enhance bee foraging through its high sugar concentration nectar and abundant pollen (Jagarwal et al., 2025; DEVI et al., 2017). The low CV values on this species (7.28-10.06%) further confirm the predictability and consistency of the reward, which promotes faithful floral constancy in foragers. 	Comment by E. R. Gakegne: Where this data comes from? 
The observation of Nomia elliotii on Solanum melongena is particularly noteworthy. N. elliotii is a buzz-pollinating solitary bee recorded previously from semi-arid regions of Rajasthan (Sihag, 1993) and its long visit duration (52.6± 5.94 sec) and high visit frequency (45 visit/5 min) confirm its efficiency as a brinjal pollinator. Buzz pollination in Solanum species has been shown to substantially increase fruit set (Vallejo-Marín et al., 2022) and this finding highlights the agronomic significance of preserving native Nomia populations in agricultural landscape. 
Peri-urban habitats hosted the highest functional diversity of bee guilds, encompassing large eusocial species (Apis), small solitary species (Ceratina smaragdula) and halictid bees (Lasioglossum sp.) all foraging on distinct weedy plants. This suggest that peri-urban transitional zones, often overlooked in conservation planning may serve as important refugia and movement corridors for diverse bee communities (Baldock et al., 1803). The presence of Lasioglossum sp. a small-bodied ground-nesting bee exclusively on Sonchus asper in peri-urban plots highlights the dependency of specialist species on weedy ruderal vegetation that is frequently eradicated in urban beautification efforts. 	Comment by E. R. Gakegne: Kindly update this reference. If it was a formula, it could probably be accepted, but it is not a formula.
The scrubland habitat dominated by Prosopis juliflora, yielded only one confirmed bee-plant foraging record (A. dorsata, 1 visit/5 min), the lowest in the dataset. Despite being an important honey source in some arid regions, P. juliflora’s invasive status and its dense monospecific canopy may suppress native floral diversity, ultimately reducing overall pollinator carrying capacity (Hussain et al., 2021). The high CV (52.97%) further suggests infrequent and unpredictable visitation, possibly owing to the small petal size and relatively low nectar secretion of this species.
The significantly longer foraging durations and higher CV values recorded during windy weather sessions (e.g., Ceratina binghami on Citrus limon: CV=16.20%; Calotropis gigantea: CV= 28.00%) suggest that adverse weather increases inter-session variability in bee behaviour a finding consistent with reports of reduced bee flight activity and altered floral resource uptake under windy conditions (Van Allsburg and Shahan, 2024). This underscores the need to record weather conditions as a covariate in bee foraging studies conducted in exposed arid environment.
 
5. CONCLUSION

This study provides a systematic quantitative account of wild bee foraging activity on 13 host plant species across four habitat types in the arid city of Jodhpur, Rajasthan. Six bee species and seven genera of host plants were recorded, with agricultural habitats supporting the greatest foraging diversity and intensity and scrubland the least. Apis dorsata emerged as the most versatile pollinator across all habitats while specialist interactions such as Nomia elliotii on Solanum melongena and Lasioglossum sp. on Sonchus asper highlight the ecological importance of native solitary bees in arid agroecosystems. CV analysis revealed plant-specific consistency of bee foraging behaviour with Brassicaceae crops showing the most reliable visitation patterns. These findings have direct implications for designing pollinator-friendly agricultural landscape and urban green spaces in arid India and argue for the conservation of habitat heterogeneity particularly peri-urban and semi-natural scrubland patches to sustain diverse wild bee communities in increasingly urbanized desert regions. 
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